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aim: To describe structural covariance networks of gray matter volume (GMV) change in 
28 patients with first-ever stroke to the primary sensorimotor cortices, and to investigate 
their relationship to hand function recovery and local GMV change.
Methods: Tensor-based morphometry maps derived from high-resolution structural 
images were subject to principal component analyses to identify the networks. We cal-
culated correlations between network expression and local GMV change, sensorimotor 
hand function and lesion volume. To verify which of the structural covariance networks of 
GMV change have a significant relationship to hand function, we performed an additional 
multivariate regression approach.
results: Expression of the second network, explaining 9.1% of variance, correlated with 
GMV increase in the medio-dorsal (md) thalamus and hand motor skill. Patients with 
positive expression coefficients were distinguished by significantly higher GMV increase 
of this structure during stroke recovery. Significant nodes of this network were located 
in md thalamus, dorsolateral prefrontal cortex, and higher order sensorimotor cortices. 
Parameter of hand function had a unique relationship to the network and depended 
on an interaction between network expression and lesion volume. Inversely, network 
expression is limited in patients with large lesion volumes.
conclusion: Chronic phase of sensorimotor cortical stroke has been characterized by 
a large scale co-varying structural network in the ipsilesional hemisphere associated 
specifically with sensorimotor hand skill. Its expression is related to GMV increase of md 
thalamus, one constituent of the network, and correlated with the cortico-striato-thalamic 
loop involved in control of motor execution and higher order sensorimotor cortices. A 
close relation between expression of this network with degree of recovery might indicate 
reduced compensatory resources in the impaired subgroup.
Keywords: stroke recovery, structural covariance network, fronto-parietal network, thalamocortical loop, 
tensor-based morphometry
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introduction
As both cross-sectional and a few longitudinal observational stud-
ies have demonstrated, behavioral recovery from hemiparesis after 
ischemic stroke shows marked between-subject variability (1, 2). 
This variability is thought to be determined not only by general 
demographic or clinical factors – such as age, gender or medical 
comorbidities – but also by neurobiological processes prompted 
by damage to critical nodes of functional and structural brain 
networks (3, 4). Activation studies using functional MRI (fMRI) 
have contributed considerably in the past to current knowledge of 
these processes (5–7); moreover, resting state fMRI and structural 
MRI have provided complementary insights in recent years (8). 
The improved understanding of stroke provided by neuroimag-
ing could impact neurorehabilitative therapies (9–11).
Activation studies performed with fMRI have shown that 
successfully recovered subjects show almost normal cerebral pat-
terns, exhibiting change during recovery from attention demand-
ing controlled processing of motor performance in the subacute 
stage to more fluent and automatic processing in the late chronic 
stage (12). This suggests recovery at the synaptic and/or neuronal 
level in the perilesional zone. In contrast, individuals presenting 
impaired recovery retain ineffective motor patterns and may not 
regain fully the specific motor function (13, 14); they, thus, possi-
bly require cognitive control and concentrated effort to maintain 
motor execution (15). Accordingly, volitional and emotional 
effort are means to enhance output in a diseased, low-efficient 
motor system, as indicated by the enhanced activation of motor 
networks observed in fMRI-studies of patients with chronic 
motor impairment (12). An additional aspect of the recovery 
process evidenced by studies at varying stages post-stroke is the 
influence of the contralesional hemisphere, functionally rather 
supporting motor activity in the early acute phase and mainly 
inhibiting it in the chronic stage (16, 17).
In the following, we utilize structural MRI to study stroke 
recovery in a patient cohort of 28 patients selected for first cortical 
sensorimotor stroke and associated initial hand paresis or plegia. 
The analysis employs a relatively new method, tensor-based 
morphometry (TBM), to quantify gray matter volume (GMV) 
changes during recovery (18, 19). While indicating structural 
neuronal plasticity, the changes cannot be assigned in vivo to a 
specific mechanism, e.g., axon sprouting, dendritic branching or 
synaptogenesis (20). Requiring high-resolution MRI [3D modi-
fied driven equilibrium Fourier transform (3D-MDEFT)] imag-
ing, TBM evaluates the transformations relating one acquisition 
to a second in a single subject. In our longitudinal study, the first 
acquisition was performed after 3 months in the subacute phase 
and the second after 9 months in the chronic phase. In all patients, 
initial diffusion-weighted MR images (21) delineated impacted 
critical brain lesions. High-resolution T1 (3D-MDEFT)-MRIs 
were acquired in 28 patients 3 and 9 months after stroke (22). 
An example of multimodal imaging in a wider sense (23), the 
acquisition protocols provided two non-redundant data sets from 
the same MR instrument in the same study population: bright 
tissue contrast for lesion delineation in the acute phase and GMV 
changes derived from the high-resolution T1 images by TBM 
analysis.
Accompanying the imaging was an array of clinical, motor and 
sensory assessments performed regularly during the 9-month 
study. Of the behavioral assessments, picking small objects (PSO), 
a lateralized motor skill requiring a particular precision grip, 
showed the greatest variance over the 9-month trial period (21). 
Response feature analysis (RFA) using Akaike’s information crite-
rion applied to the 9-month recovery trajectories of the individual 
patient tests partitioned the patient cohort into three subgroups 
showing fast linear, slow exponential or impaired recovery (24). A 
multivariate analysis, principal component analysis (PCA), of the 
PSO task confirmed the partitioning among the 28 patients and 
characterized each patient’s expression of the principal recovery 
trajectory by a single coefficient (22). This expression coefficient 
served as correlate to identify the neural pattern, represented as 
a principal component image of a PCA of the 28 TBM images, 
most closely associated with recovery. We have shown previously 
in the context of PET regional cerebral blood flow (CBF) images 
that PCA provides a powerful tool for elucidating disease-related 
abnormalities and post-lesional reorganization of neural net-
works in the human brain (25).
A previous mass-univariate analysis of these TBM images 
yielded three findings: (i) most striking, impaired patients with 
chronic disturbed hand motor skills showed the most prominent 
GMV increase in the ipsilesional medio-dorsal (md) thalamus, 
including also the head of the caudate nucleus; (ii) all patients 
evidenced GMV decreases within the contralesional anterior 
cerebellum at a location typical of cerebellar diaschisis after sen-
sorimotor cortical stroke; and (iii) patients showing fast recovery 
exhibited a slight GMV increase in the perilesional premotor 
cortex (PMC). These results stimulated several questions: Does 
the significant GMV increase of md thalamus in these patients 
represent an isolated, local effect or does it implicate an extended 
gray matter network involved in recovery after a sensorimotor 
cortical stroke? Does the extended network show a structural 
covariance pattern that discriminates among classes of recovery 
process? How does the network relate to the initial lesion pattern?
These questions led to the hypotheses examined in the current 
study: the prominent GMV changes in the md thalamus relate 
to the dorsolateral prefrontal circuit of Alexander et  al. (26) 
as proposed in our previous paper and may have access to the 
dysfunctional sensorimotor network post-stroke (22). A posited 
distributed neuronal network including the md thalamus is specifi-
cally related to sensorimotor hand skill. This network manifests a 
structural covariance pattern that may distinguish among patient 
subgroups according to recovery class. The structural covariance 
pattern shows a correlation with the initial lesion pattern.
Participants and Methods
Patients and healthy controls
We prospectively recruited patients at two comprehensive stroke 
centers (Departments of Neurology, University Hospital Bern 
and Kantonsspital St. Gallen, Switzerland) from January 01, 
2008 through July 31, 2010. Inclusion criteria were (1) first-ever 
stroke, (2) clinically significant contralesional sensorimotor 
hand function impairment as leading symptom, and (3) inclu-
sion of the pre- and/or post-central gyri within the ischemic 
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lesion confirmed on acute diffusion-weighted (DWI) and fluid 
attenuated inversion recovery (FLAIR) MRI scans. Patients were 
excluded if they presented (1) aphasia or cognitive deficits that 
precluded understanding the study purposes or task instructions, 
(2) prior cerebrovascular events, (3) occlusion or stenosis >70% 
of the carotid arteries in MR–angiography, (4) purely subcortical 
stroke, and (5) other medical conditions interfering with task per-
formance. We recruited 36 patients, seven of which dropped out 
(three withdrew consent, two were too frail for repeated testing, 
one was shown to have no cortical stroke after enrollment, one 
was lost to follow-up). The final sample consisted of 29 patients 
(five female). As a control group for the analyses of behavioral and 
clinical data, we recruited 22 healthy older adults (11 female) from 
the local community. Groups were matched for age (unpaired 
two-tailed t-test: t(49) = 3.4, p < 0.12) and handedness accord-
ing to the Edinburgh Handedness Questionnaire (unpaired 
two-tailed t-test: t(49)  =  0.36, p  <  0.30). The study received 
ethical approval from both research centers [Ethikkommission 
des Kantons St. Gallen (EKSG), Kantonsspital St. Gallen, 9007 St. 
Gallen and Kantonale Ethikkommission Bern (KEK), 3010 Bern, 
Switzerland]. All participants gave written informed consent 
before enrollment according to the Declaration of Helsinki. The 
same cohort was used for our previous publications (21, 22, 27).
Data acquisition
Study Timeline
We performed a baseline examination within the first 2 weeks after 
stroke (median 5 days, range 1–18 days) with extended measure-
ments of clinical and behavioral data (see below). The same 
measurements were taken 3  months (91  days, 80–121  days) and 
9 months (277 days, 154–303 days) after stroke. During each of these 
two visits, we acquired high-resolution anatomical imaging data. 
Patients were additionally seen at monthly intervals in-between 
these examinations to evaluate recovery of dexterous hand function.
Clinical and Behavioral Data
Clinical stroke severity was assessed using the National Institutes 
of Health Stroke Scale (NIHSS) (28). Hand motor function was 
assessed with two outcome variables, grip force and dexterity. Grip 
force was measured by hand dynamometry (HD) with a Jamar 
Dynamometer (29, 30). Dexterous hand function was measured 
using the modified Jebsen Taylor Test (JTT), a standardized 
quantitative assessment that consists of five timed subtests that 
simulate everyday activities (31). For our current analysis, we 
relied on data from the JTT subtest “PSO”, which consists of 
picking six common objects (two paper clips, two bottle caps, 
two coins) and dropping them into an empty can as fast as pos-
sible. As previously shown by our group, PSO explains by far most 
of the longitudinal variance in JTT scores and allows accurate 
classification of patient subgroups (see Supplementary Material 
for details) (21). The two motor tasks measure complementary 
aspects of hand motor function. Behaviorally, HD is performed 
with a simple power grip using the whole hand, whereas PSO 
necessitates precision grip characterized by opposition of the 
thumb against one or two fingers (32); and furthermore a proper 
coupling of grasping and lifting phases of objects performing this 
task which has been shown to be specifically vulnerable in the case 
of lesioned dorsolateral PMC (33). Neuroanatomically, each grip 
form is controlled by different components of the sensorimotor 
network: power grips are mainly controlled by the primary sen-
sorimotor cortices, whereas precision grip control includes the 
premotor and posterior parietal cortices (34, 35). As a measure 
of sensorimotor integration, we included a tactile object recogni-
tion (TOR) task, which consisted in discriminating 30 everyday 
objects with either hand (36). This task was administered at the 
same time as the NIH evaluation. Further details on measure-
ment procedures can be found in the Supplementary Material.
Imaging Data
All patients underwent acute phase imaging at admission accord-
ing to local stroke imaging protocols. This included a diffusion-
weighted imaging (DWI) scan and T1-weighted (T1w) anatomical 
image. At 3 and 9 months after stroke, each patient underwent 
high-resolution T1w imaging using a 3D-MDEFT with following 
imaging parameters (37): repetition time TR = 7.92 ms, echo time 
TE = 2.48 ms, flip angle = 16°, inversion with symmetric timing 
(inversion time 910 ms), 256 × 224 × 176 matrix points with a 
non-cubic field of view (FOV) of 256 mm × 224 mm × 176 mm, 
yielding a nominal isotropic resolution of 1  mm3 (i.e., 
1 mm × 1 mm × 1 mm), fat saturation, 12 min total acquisition 
time. Identical prescription of MR images was achieved by use 
of the Siemens auto-align sequence that automatically sets up 
consistent slice orientation based on a standard MRI atlas.
Data analysis
Synopsis
Longitudinal clinical and behavioral data were analyzed with 
a variant of RFA (24). This is a technique that uses summary 
measures to simplify analysis of serial measurements [cf. Ref. (24) 
for clinical examples]. As described below and in Ref. (21), we 
proceed in two levels: at the single-subject level, we summarize 
each patient’s z-transformed longitudinal data using linear and 
non-linear curve fitting. At the group level, we then calculate a 
PCA of these curves to derive a number that summarizes each 
patient’s recovery relative to the whole cohort. The analysis of 
structural high-resolution imaging data was performed similarly. 
At the single-subject level, we calculated TBM maps that encode 
(longitudinal) local GMV change between 3 and 9  months 
after stroke, as previously described (22). At the group level, 
we again calculated a PCA to identify regions with co-varying 
GMV change across time. In analogy to previous work analyzing 
structural covariance in the human brain, we refer to these maps 
as longitudinal structural covariance networks (38, 39).
Response Feature Analysis of Clinical and  
Behavioral Data
First, each patient’s PSO task data were transformed to z-scores 
using the mean and SD of a healthy control group of 22 age-matched 
subjects; normal performance was defined as z ≤ 0 ± 2.5 units. Then, 
each patient’s recovery trajectory was identified by fitting a set of lin-
ear and exponential models to the z-scores, and the best fitting model 
was selected using Akaike’s information criterion. Patients were 
classified in three recovery subgroups according to their recovery 
model: fast (linear recovery trajectory), slow (exponential recovery 
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trajectory converging to z ≥ −2.5) and impaired recovery (expo-
nential recovery trajectory converging to z < −2.5). The principal 
component analyses of the PSO and TOR task, and NIH evaluation 
were performed with Matlab program, princomp (The Mathworks, 
Inc., Natick, MA, USA). The PSO task yielded ten principal compo-
nent time courses and variances (one per visit); the TOR task and 
NIH evaluation, three time courses and variances. Each produced 36 
patient expression coefficients (or “scores”). The Kaiser–Guttmann 
criterion was used to select salient principal components (40). 
Missing data, arising when patient did not show or could not per-
form task, were replaced by means over all patients at the time point 
of the missing data; 10 out of 280 planned visits yielded missing data. 
The present study uses the expression coefficients of the subset of 28 
patients for which TBM images were acquired.
Lesion Mapping
Lesions were manually traced on DWI images using MRIcron,1 
as described in Ref. (21). Lesion volumes were calculated by 
summing all voxels within the resultant binary lesion masks. The 
latter were used to exclude lesioned voxels during normalization 
of all images into the stereotaxic Montreal Neurological Institute 
(MNI) space (see below). Additionally, we built summary lesion 
maps for each recovery subgroup, which we thresholded at >20% 
lesion density for comparison with structural data (see below).
Tensor-Based Morphometry
Tensor-based morphometry maps were calculated as described 
in Ref. (22) using SPM8 (version 46672) running on MATLAB 
(R2009a, MathWorks, Natick, MA, USA). Briefly, we first rea-
ligned 3D-MDEFT images from both acquisition time points 
to correct for position differences. We next used segmentation 
with cost-function masking to derive gray matter tissue parti-
tions (41, 42). We then calculated in each subject the Jacobian 
determinants (first derivatives) of high-dimensional deformation 
fields that transform voxel-by-voxel the T1w image from month 
3 onto the T1w image from month 9. Multiplication of the first 
derivatives with the matter segmentation from month 3 results 
in a map that encodes matter volume expansion or contraction 
per voxel across time. These maps were transformed into the 
stereotaxic MNI space using normalization parameters derived 
from segmentation. Normalized GMV change maps were finally 
smoothed with a 12 mm × 12 mm × 12 mm isotropic 3D Gaussian 
kernel, motivated by previous studies that show a reduction of 
false positives for this kernel size in voxel-based morphometry 
studies (43). These smoothed maps were entered in the covari-
ance analysis as described below. Based on our previous study, we 
used an unbiased region of interest analysis to extract local GMV 
changes from ipsilesional thalamus, ipsilesional dorsal PMC and 
contralesional cerebellum (22).
Structural Covariance Using Principal  
Component Analysis
The PCA of the TBM images was performed on a subset of 28 
patients representing the volume changes between months 3 and 
1 https://www.nitrc.org/projects/mricron
2 http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
9 (of the 29 patients retained for the study 1 had to be excluded 
because of MR motion artifacts). PCA was executed on the 
images data using in house software written in MATLAB based 
on the algorithm described by Alexander et al. and Moeller et al. 
(44, 45). Extracerebral voxels were excluded from the analysis 
using a mask derived from the gray matter component yielded by 
segmentation of the anatomical image volume into gray matter, 
white matter and cerebrospinal fluid followed by the calculation 
of residual matrices for each of the 28 scans. From matrices whose 
rows corresponded to the 28 scans and columns to the 132407 
relevant voxels in a single image volume were subtracted from 
each element (i) the mean of voxel values of its column and (ii) 
the mean of voxel values of its row, and (iii) added to each element 
the grand mean of all voxel values in the original matrices. The 
row, column, and grand means of the resulting residual matrices 
vanish. Using the singular value decomposition implemented 
in Matlab, each residual matrix was then decomposed into 28 
components. Each component consisted of an image volume, i.e., 
eigenimage, a temporal expression coefficient, i.e., eigenvariate, 
and an eigenvalue. The squared eigenvalue is proportional to the 
fraction of variance described by each component; the subject 
expression coefficients describe the amount that each scan con-
tributes to the component; and the component image displays 
the degree to which the voxels co-vary in the component in the 
course from months 3 to 9. The subject expression coefficients and 
voxel values of a principal component are orthonormal and range 
between −1 and 1; the orthogonality reflects the lack of statistical 
correlation among the principal components. Significant clusters 
were delineated by applying a height threshold at the first and 
ninety-ninth percentile of voxel values and an extent threshold 
of 32 voxels (corresponding to the minimal resolution element 
of the TBM maps). These clusters were localized using the Jülich 
cytoarchitectonic probabilistic atlas (SPM Anatomy toolbox, 
Version 1.8, made available through the Human Brain Mapping 
division at the Forschungszentrum Jülich at http://www.fz-juelich.
de/inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/
SPMAnatomyToolbox_node.html). Furthermore, we calculated 
the overlap between each network cluster and subgroup lesion 
density maps.
statistical analysis
We used median and range for descriptive statistics. We first 
assessed the relationship of structural covariance component 
expression, clinical and structural variables, e.g., lesion volume 
and regional GMV change, using Pearson’s correlation coefficient 
in order to identify the network related to hand function recov-
ery. Next, we assessed differences with respect to subgroups in 
network expression and behavioral variables. To do so, we first 
applied the Shapiro–Wilk test and inspected Q–Q plots for each 
variable to assess deviations from normality. We used then non-
parametric tests to compare scalar variables where appropriate, 
i.e., the Kruskal–Wallis one-way analysis of variance by ranks to 
assess differences in the central tendency among any of the three 
subgroups, and the Mann–Whitney U test to compare pairs of 
subgroups against each other. Finally, we used robust (multiple) 
regression within the framework of the general linear model to 
test the relationship of network expression, clinical and structural 
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variables to hand function recovery and their interaction across 
the whole patient cohort. The criterion for significance was set at 
p < 0.05, Bonferroni corrected for multiple comparisons.
results
clinical and Behavioral Data
Clinical characteristics of the patient cohort are summarized in 
Table 1. Representative sections of each subjects’ ischemic lesion 
can be found in Figure S1 in Supplementary Material. The behav-
ioral data was incorporated in two principal component analyses. 
The first principal components of PSO and NIH assessments were 
chosen for further analysis because they explained the greatest 
fractions of variance, 70 and 90%, respectively, of the correspond-
ing PCAs. RFA of the PSO task indicated that eight patients 
showed normal motor performance at baseline (subgroup “fast 
recovery”), ten patients exponential recovery that converged to 
normal motor performance (“slow recovery”) and eight whose 
recovery trajectories followed exponential recovery curves that 
did not reach normal performance (“impaired recovery”) (21).
selection of longitudinal structural covariance 
networks
Table 2 characterizes three principal components of the TBM 
images (structural covariance networks) that correlated with 
clinical and behavioral variables across the whole patient cohort. 
The first component (PC1TBM) correlated with GMV reduction 
in the cerebellum contralateral to the affected hemisphere. 
The second component (PC2TBM) correlated with lesion size, 
GMV volume increase in the md thalamus, clinical (PC1NIHSS 
expression) and hand function specific recovery (PC1PSO expres-
sion). The fourth principal component correlated exclusively 
with PC1NIHSS expression. None of the other PCs surviving the 
Kaiser–Guttmann criterion correlated with any of the external 
variables.
Thalamocortical network related To hand 
Function recovery
Effects Across the Patient Cohort
Since the second structural covariance network PC2TBM cor-
related with our specific measure of hand function recovery, 
we focused further analysis on its critical clusters (or nodes, 
Figure 1A). Clusters that co-varied with the thalamus fell within 
the first percentile of voxel values, and were labeled as “positive” 
clusters since the thalamus showed gray matter increase. These 
clusters (ordered by size) included insular and peri-insular 
cortex, dorsolateral prefrontal and ventral premotor cortices, 
thalamus, posterior parietal cortices and two smaller clusters 
in the temporal and occipital cortex. A single cluster fell within 
the ninety-ninth percentile and included pre- and post-central 
cortex. Table 3 summarizes localization, statistics and functional 
correlates of all clusters that survived thresholding (PC1TBM and 
PC4TBM, are summarized in Tables S1 and S2 in Supplementary 
Material, respectively). Functional interpretation was done in the 
context of motor hand function, based on current literature. The 
expression of this network had a strong correlation with thalamic 
GMV change across the whole cohort (Figure 2A).
Effects Within Patient Subgroups
Having identified a structural network related to hand function 
recovery (Table  4), we next analyzed its relationship to lesion 
topography within recovery subgroups. Lesion analyses are 
summarized in Figure 1B. Projection of subgroup lesion density 
maps onto PC2TBM clusters showed that the thalamic cluster was 
spared across all subgroups, but that the other clusters showed 
varied involvement. A detailed volumetric analysis (Table  5) 
showed that only a small fraction of each lesion density map 
affected network clusters (median and range 0.95%, 0–6.7%), 
indicating that GMV density changes occurred either in perile-
sional or more distant areas. When analyzing the percentage of 
each cluster affected by the lesion, there were notable differences: 
lesions in the fast recovery subgroup affected mostly the parietal-
opercular and insular cluster (Cluster 1+), whereas lesions in 
the impaired subgroup affected mostly the ventral premotor 
cortex and intraparietal sulcus (IPS) (Cluster 3+ and 4+). The 
slow recovery subgroup showed no clear lesion profile. Affection 
of the pre/post-central cluster (Cluster 1−) increased across 
subgroups.
We further compared the patients subgroups presenting nor-
mal motor performance after 9 months (fast and slow recovery) 
with the subgroup that did not achieve normal performance 
(impaired recovery). As expected from the RFA, the latter group 
yielded the highest expression coefficients in PC1NIHSS (p < 0.01) 
and specifically in PC1PSO (p < 0.0001). This group had also the 
largest GMV expansion in the medio-dorsal thalamus and the 
highest lesion volumes (both p < 0.05). Figure 2 shows the rela-
tionship between PC2TBM expression and thalamic GMV change 
(panel A) and hand skill recovery as reflected by PSO (panel B), 
respectively. Considering all individuals, GMV change correlated 
with expression coefficients of the structural covariance network 
of PC2TBM (R =  0.72 and p <  0.5 after correction for multiple 
comparisons). PC2TBM expression could also distinguish between 
subgroups: When dividing patients into subgroups with positive 
versus negative network expression coefficients (without regard 
to recovery subgroup assignments), we found that the positive 
subgroup has significantly higher thalamus GMV change (median 
1.35% with range 0.83–1.79%), whereas the negative subgroup 
shows no significant change (median 0% with range 0.04–0.04%, 
Mann–Whitney U test p < 0.001).
However, only the impaired recovery subgroup showed a lin-
ear relationship between the expression of structural covariance 
network of PC2TBM and recovery (Figure 2B): the slope estimate 
(and SE) was 53.1 ± 22.7; adjusted R = 0.74 with p < 0.05. Note 
that one patient of this subgroup showed a negative PC1PSO 
expression score. Inspection of the raw data indicated that this 
particular subject showed a secondary deterioration of skilled 
hand function during the last 2  months of the study, after an 
initially favorable course. Removal of this outlier did not change 
results. A few individuals of the recovered subgroups exhibited 
high GMV changes in the medio-dorsal thalamus, representing 
exceptions to the group trend.
Multivariate Linear Regression
To further test the specificity of the association between PC2TBM 
and hand function recovery, we calculated a multivariate linear 
TaBle 1 | Descriptive statistics of clinical and demographic data of stroke patients at baseline, month 3 and month 9.
no. id age gender side etiology nih B nih M3 nih M9 mrs B mrs 
M3
mrs 
M9
hD
B
hD
M3
hD
M9
PsO
B
PsO
M3
PsO
M9
TOr
B
TOr
M3
TOr
M9
1 p01 77 M L UN 4 2 1 2 1 1 31 40 41 9.7 7.9 5.7 30 30 30
2 p02 50 M R OC 7 1 0 4 1 0 6 54 63 0.0 6.0 6.2 25 28 30
3 p03 78 M R LAD 5 5 3 3 2 2 15 17 42 13.5 11.1 9.1 28 29 27
4 p05 80 M L LAD 2 3 1 2 1 1 42 42 37 10.6 6.5 8.4 30 30 30
5 p06 53 F R LAD 6 3 3 3 2 1 11 9 19 29.9 10.1 14.9 0 0 0
6 p07 78 F R CE 4 2 2 2 1 1 18 21 21 14.0 7.5 7.1 0 12 24
7 p09 70 F R CE 3 2 0 2 1 0 21 31 34 9.1 8.5 6.0 29 30 30
8 p11 41 F L LAD 3 2 0 1 0 0 32 37 39 5.6 4.0 5.11 24 30 30
9 p12 54 M R UN 4 2 1 3 1 0 14 33 38 8.5 5.5 5.2 30 30 30
10 p15 54 M L LAD 6 4 1 3 1 1 10 24 33 38.8 13.1 11.1 0 6 10
11 p16 73 M R OC 4 2 0 2 1 0 51 55 55 7.3 4.9 5.3 26 29 30
12 p17 58 M L CE 4 2 0 3 0 0 20 39 48 11.5 4.3 4.7 30 29 30
13 p20 70 M L CE 6 4 2 3 1 1 24 35 42 12.9 9.7 9.3 0 6 10
14 p24 74 M R CE 4 1 0 1 0 0 34 49 50 14.3 6.9 5.1 28 30 30
15 p25 49 M R CE 3 2 1 2 1 0 49 59 67 12.3 5.3 5.9 0 6 10
16 p26 44 M L CE 3 1 0 1 0 0 9 33 50 11.5 6.0 5.1 30 30 30
17 p30 63 M L CE 4 1 1 3 0 0 43 41 45 10.6 6.3 6.3 30 30 30
18 p31 63 M L UN 5 0 0 2 0 0 30 48 44 5.3 4.2 4.7 30 30 30
19 p33 75 M R LAD 3 2 2 2 1 1 3 14 22 0.0 18.8 11.5 12 28 30
20 p35 78 M L LAD 5 3 2 3 1 1 23 48 40 10.1 6.8 6.1 30 30 30
21 p36 60 M L CE 4 1 1 3 1 1 31 40 41 18.2 8.0 6.6 30 30 30
22 p37 75 M R OC 4 2 1 2 1 1 0 27 32 0.0 8.6 10.4 4 23 25
23 p38 77 M L LAD 5 2 2 3 1 1 10 21 23 26.9 10.9 8.3 29 30 30
24 p41 51 M R CE 2 1 0 2 1 1 36 41 52 7.1 5.1 4.8 30 30 30
25 p42 64 M R LAD 1 0 0 2 0 0 14 33 35 18.9 7.1 7.4 29 30 30
26 p43 82 M L LAD 3 3 2 2 2 1 17 10 18 16.8 21.4 13.9 20 22 25
27 p44 67 M R UN 11 10 9 4 3 3 15 15 41 52.3 45.1 12.3 3 4 2
28 p45 53 M R LAD 11 9 4 5 3 2 0 10 17 0.0 45.5 19.9 0 1 3
Median 65.5 24 M 13 L 11 LAD, 
10 CE, 4 
UN, 3 OC
4 2 1 2 1 1 20 35 41 11.0 7.3 6.5 28 29 30
Range 41, 82 4 F 15 R 1, 11 0, 10 0, 9 1, 4 0, 3 0, 3 0, 51 9, 59 17, 67 0.0, 52.3 4.0, 45.5 4.7, 19.9 0, 30 0, 30 0, 30
Median (z) −1.3 −0.2 0.4 −5.0 −1.2 −0.4 0.6 0.6 0.6
Range (z) −2.8, 
1.3
−2.3, 
1.9
1.6, 2.6 −38.9, 
0.5
−33.2, 
1.6
−11.7, 
1.0
−7.5, 
0.6
−6.5, 
0.6
−4.5, 
0.6
M, male; F, female. Etiology is classified according to the Trial of ORG 10172 in acute stroke treatment (TOAST): LAD, large artery disease; CE, cardioembolism; OC, other determined cause; UN, undetermined cause. NIH, National 
Institutes of Health Stroke Scale; mRS, modified Rankin Scale; HD, hand dynamometry (in kilograms); PSO, picking small objects task (in seconds); TOR, tactile object recognition (in numbers of recognized objects); z, z-scores using 
mean and standard deviation of healthy controls for each task.
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TaBle 2 | correlation of longitudinal structural covariance networks across all patients (n = 28).
component Variance (%) Parameters with significant correlationsa Values of parametersb correlation 
coefficient (r)
PC1TBM 19.9 GMV change ant. cerebellum −0.2 (−1.3, 0.6) % −0.57
PC2TBM 9.1 Lesion volume 9.0 (0.6, 141.7) cc 0.61
PC1NIHSS expression −3.65 to 11.9 0.61
PC1PSO expression −20.99 to 64.26 0.51
GMV change md Thalamus 0.4 (−0.6, 4.0) cc 0.72
PC4TBM 8.1 PC1NIHSS expression 0 (−3.65, 11.9) 0.54
Cumulative Variance 37.1
NIHSS score, National Institute of Health Stroke Scale-score; PSO, picking small objects, MI primary motor cortex, SI primary sensory cortex.
aSignificant correlations after correction for eight multiple comparisons: 0.05/8 = 0.006 yields significant entries. This probability corresponds to a correlation coefficient of 0.466.
bValues of parameters are indicated as median, including range, expression coefficients are indicated as range due to normalization (median of 0).
 
FigUre 1 | spatial topography of longitudinal structural covariance network correlating with hand function recovery. (a) shows the six largest clusters 
of supra-threshold voxels for the second principal component (PC2TBM) projected onto a standard three dimensional brain and onto a cytoarchitectonic atlas (cluster 
3+) in MNI space. Clusters are labeled according to their (positive or negative) correlation with gray matter volume expansion in the medio-dorsal thalamus. The 
threshold for positive clusters corresponds to the first percentile of voxel values (absolute value 0.0064), the threshold for the negative cluster to the ninety-ninth 
percentile (absolute value 0.0095). (B) shows the spatial relationship between the covariance network clusters and lesion maps of patient subgroups. Color-coded 
contours define areas with ≥20% lesion probability in each subgroup. Size, localization, cytoarchitectonic assignment, and functional correlates of the individual 
clusters are summarized in Table 3.
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TaBle 3 | clusters of the longitudinal structural covariance network (Pc2TBM) related to hand function recovery: size, localization, cytoarchitectonic 
assignment, and functional correlates.
cluster size (n vox.) Mni (max.) anatomical area cytoarchitectonic area Functional correlate (references in brackets)
First-percentile voxels (height threshold: 0.0064, extension threshold: 32 voxels)
1+ 1362 38/−28/16 R. parietal operculum OP1, OP2, OP3 Tactile working memory, stimulus discrimination and 
perceptual learning (41–44)
R. insula Ig1, Ig2 Multisensory processing (36, 50–53)
54/−26/28 R. inferior parietal lobule PFcm, PFop, PFt Action observation and imitation (47–49)
2+ 653 43/26/26
40/10/34
R. DLPFC (dorsal-posterior part)
R. ventral premotor cortex
n.a.
n.a.
Action execution and working memory (34, 35)
Motor hand skill related to intrinsic objects properties (83)
3+ 502 10/−20/6 R. thalamus Thal: prefontal
Thal: temporal
Thal: parietal
MD nucleus to prefrontal cortex (33–35)
MD nucleus to temporal lobe (33–35)
LP/Pu complex to parietal lobe (33–35)
4+ 408 42/−38/42 R. intraparietal sulcus
R. post-central gyrus
R. inferior parietal lobule
hIp1, hIp2, hIp3
BA2
PFt, PFm
Spatial attention, visuomotor transformation (57, 66–68)
Primary somatosensory information processing (56)
For PFt see above; for PFm non-spatial attention (49)
5+ 271 52/−48/2 R. superior (and middle  
temporal) gyrus
n.a. Spatial awareness (69)
6+ 158 30/−62/36 R. middle occipital gyrus n.a. Spatial processing of tactile stimuli (70)
ninety-ninth-percentile voxels (height threshold: 0.0095, extension threshold: 32 voxels)
1− 179 54/−14/38 Pre- and post-central gyrus BA 4p, 3b, 1, 2 Voluntary and passive finger motion (BA 4p) (71)
Somatosensory information perception (3b) and 
processing (1, 2, 73)
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regression of PC1PSO onto covariance network expression, age, 
volume, and thalamic GMV change: it showed significant effects 
of the model intercept (p = 0.036), PC2TBM expression (p = 0.048) 
and lesion volume (p = 0.037). The significant intercept indicated 
FigUre 2 | correlation between Pc2TBM, thalamic gMV change, and longitudinal hand function recovery. (a) shows the relationship between thalamic 
gray matter volume (GMV) change and expression of the structural covariance network PC2TBM: thalamus GMV change = 0.0325 × PC2TBM + 0.0053; R = 0.72, 
p < 0.001. Dashed transversal lines indicate the interval of reliable GMV change (± 0.75%), as determined in previous studies. (B) shows the correlation between 
expression of the structural covariance network PC2TBM and the first component of longitudinal behavioral recovery of skilled hand function, PC1PSO. Only impaired 
patients show a strong correlation between network expression and hand function recovery; PC1PSO = 51.9 × PC2TBM + 19.76; adjusted R = 0.74, p < 0.05. The 
recovered subgroups are characterized by a constant of differing magnitude. One patient with negative expression coefficients of PC1PSO (marked by an asterisk) has 
been identified as outlier (see text).
residual variance not modeled by our predictors. We, therefore, 
investigated a reduced model that included PC1PSO as dependent 
variable, and only the significant predictors from the first model, 
i.e., PC2TBM expression, lesion volume and their interaction 
TaBle 5 | Overlap between subgroup lesion density maps and longitudinal structural covariance network related to hand function recovery.
cluster 1+ cluster 2+ cluster 3+ cluster 4+ cluster 5+ cluster 6+ cluster 1−
pOP vPMc Thal iPs sTg MOg Pcg
Raw volume (cc) 10.9 5.2 4.0 3.3 2.2 1.3 1.4
Fast 105.7 7.10 0.3 0 1.0 0.3 0 0.3
Slow 113.9 1.82 0.5 0 1.0 1.0 0.2 0.6
Impaired 239.7 8.7 3.3 0 3.3 1.1 0.9 1.4
Percent of lesion on cluster
Fast 6.7 0.3 0 0.9 0.3 0 0.3
Slow 1.6 0.4 0 0.9 0.9 0.2 0.5
Impaired 3.6 1.4 0 1.4 0.5 0.4 0.6
Percent of cluster affected
Fast 61.5 5.8 0 30.3 13.6 0 21.4
Slow 14.7 9.4 0 29.7 46.4 17.7 44.3
Impaired 33.0 62.7 0 98.8 51.4 69.2 100.0
Cluster labels correspond to Table 3, additionally including main anatomical region within each cluster. Volumes are calculated for subgroup density maps in Figure 1B and each 
cluster separately.
pOP, parietal operculum; vPMC, ventral premotor cortex; Thal, thalamus; IPS, inferior parietal sulcus; STG, superior temporal gyrus; MOG, middle occipital gyrus; PCG, pre- and 
post-central gyri.
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(PC2TBM expression  ×  lesion volume) as independent vari-
ables. The interaction term significantly predicted PC1PSO scores 
(β = 1.1, t(24) = 3.83, p < 0.001) over and above the other vari-
ables (both p > 0.1). The interaction term explained a significant 
portion of variance in hand function recovery (R2 = 0.639, F(3, 
24) = 14.18, p < 1.6e−5). Full model parameters are summarized 
in the Table S3 in Supplementary Material.
Discussion
In this study, we have identified structural covariance networks 
deduced from GMV changes during the recovery of patients 
suffering from hand paresis after ischemic sensorimotor stroke. 
These networks correspond to the first, second, and fourth 
TaBle 4 | clinical and structural variables across recovery subgroups.
Fast recovery n = 8 slow recovery n = 12 impaired recovery n = 8 Kruskal–
Wallis, p
Mann–Whitney, 
impaired versus 
recovered p (2-tailed)
network of gmv change between months 3 and 9
PC2TBM expression coeff. −0.079 (−0.117, 0.025) −0.04 (−0.23, 0.52) 0.06 (−0.22, 0.51) 0.55 n.a.
Parameters tested for correlation
Age 63 (41, 73) 75 (49, 80) 68.5 (53, 82) 0.31 n.a.
Lesion size (cc)a 7.80 (0.76, 75.52) 3.48 (0.57, 70.39) 42.84 (2.72, 141.71) 0.08 <0.05
PC1 (NIH) expression coeff.a −2.18 (−3.07, 0.61) −1.31 (−3.65, 2.12) 1.33 (−1.40, 11.90) <0.01 <0.01
PC1 (PSO) expression coeff.a −15.3 (−21.0, 6.7) −10.8 (−16.8, 3.1) 16.5 (−5.6, 64.3) <0.0001 <0.0001
PC1 (TOR) expression coeff. 13.9 (−0.45, 14.3) 13.9 (11.0, 14.3) −29.3 (−34.3, 13.7) <0.001 <0.001
GMV premotor area 0.0043 (−0.0010, 0.0092) 0.0017 (−0.0013, 0.0078) 0.0011 (−0.0020, 0.0083) 0.69 n.a.
GMV thalamusa 0.0017 (−0.0043, 0.0143) 0.0023 (−0.0061, 0.0292) 0.0083 (−0.0002, 0.0179) 0.06 <0.05
GMV cerebellum −0.0019 (−0.0130, 0.0031) −0.0029 (−0.0089, 0.0060) −0.0012 (−0.0121, 0.0051) 0.43 n.a.
All values are given as median (range).
NIH, National Institutes of Health Stroke Scale; PSO, picking small objects; PC1, first principal component of longitudinal data of corresponding clinical or behavioral variable; 
PC2TBM, second principal component of tensor-based morphometry data; GMV, gray matter volume.
aSignificant correlations after correction for multiple comparisons: at a nominal alpha level of 0.05 and eight correlations, a p-value of 0.05/8 = 0.006 yields significant entries. This 
probability corresponds to a correlation coefficient of 0.466.
principal components determined from a PCA of TBM images 
and explained 19.9, 9.1, and 8.1% of the variance, respectively. 
Implied by the correlation of its expression coefficients with 
GMV-decrease in the anterior cerebellum contralateral to pre- 
and post-central infarction in all patients, the first component 
PC1TBM appears to reflect a neuronal network caused by diaschisis 
from sensorimotor cortex (46). The second component PC2TBM, 
associated with a specific manual skill, i.e., precision grip, as 
implied by its correlation with PC1PSO represents a neuronal net-
work involving GMV- increase in the md thalamus. Finally, the 
correlation of the fourth component expression coefficients with 
the NIHSS scores summarized in PC1NIHSS suggests that the cor-
responding network reflects general neurological deficit. A third 
behavioral parameter of sensory information processing, TOR, 
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showed no significant correlation with a principal component, 
although a deficit persisted in the impaired subgroup.
Finally, a multivariate linear regression approach verified (i) 
the unique relationship of PC1PSO to the structural covariance 
network of PC2TBM; and furthermore, that this relationship is 
related specifically to the network expression but not to a single 
constituent, e.g., md thalamus. Since PC2TBM relates directly to 
hand function recovery and thus to our study aim, we will discuss 
this network in more detail in the following.
associations of the structural covariance 
network With external Variables
This study represents important progress following our recent 
paper on “Gray matter volumetric changes related to recovery 
from hand paresis after cortical sensorimotor stroke” (9) as it 
relates the most prominent finding of gray matter increase in 
the md thalamus in patients after a first-ever stroke to a large 
distributed structural covariance network including a cortico-
striato-thalamic loop and diverse sensorimotor cortices.
Irrespective of the clinical and behavioral course, this PC2TBM 
network distinguishes clearly within the study cohort since the 
subgroup with positive expression coefficients is associated with 
large GMV increases in the md thalamus between months 3 and 
9, while the subgroup with negative expression coefficients did 
not exhibit a recognizable GMV change. The GMV increases in 
the former subgroup exceed the measurement uncertainty and 
are consistent with the few comparable studies, e.g., in the paper 
of Gauthier et  al. (32). As Table  2 shows, the neural network 
represented by PC2TBM is significantly related to the recovery of 
motor hand skill in the patient cohort; however, only the impaired 
recovery subgroup shows a strong linear regression, while the 
fast and slow recovery groups show little correlation with PC1PSO 
(Figure 2B). A multivariate linear regression positing the depend-
ence of PC1PSO on the three salient principal components as well as 
on age, lesion volume, and GMV change in the thalamus showed 
significant effects only in PC2TBM and lesion volume. A refined 
analysis showed a significant interaction between these two vari-
ables, and revealed that the interaction was the only significant 
explanatory variable. The fast and slow recovery groups indicated 
an inverse relationship between PC2TBM and lesion volume; the 
greater lesion volumes were accompanied by smaller component 
expression coefficients, and vice versa. In contrast, the members 
of the impaired group exhibiting the largest interaction expressed 
most strongly PC1PSO.
network Topography and suggested Functions
The salient regions of the second principal component PC2TBM are 
summarized in Table 3; the regions characterized by voxel inten-
sities of the first percentile contain the thalamic cluster. Using a 
probabilistic atlas of white matter connections, we found that this 
thalamic cluster was located on regions of the md thalamus that 
are preferentially connected to prefrontal, temporal and parietal 
cortex (33, 34). These three cortical regions were also found in the 
set of regions belonging to the first percentile, underscoring the 
importance of the thalamic gray matter increase. The implicated 
md thalamus and dorsolateral prefrontal cortex are constituents 
of the subcortico-cortical, dorsolateral prefrontal loop (35). The 
involvement of this dorsolateral prefrontal-striato-thalamic loop 
suggests a compensatory mechanism to maintain motor execu-
tion by cognitive control once the primary (more automatic) sen-
sorimotor network of hand motor skill is dysfunctional (47).
Both parts of posterior medial thalamus and dorsal-posterior 
subarea of the dorsolateral prefrontal cortex are interconnected 
with the posterior parietal cortex (PPC) (48), which our previ-
ous VLSM studies (8) have shown to be seriously affected in the 
impaired subgroup.
Densely interconnected structures of ventral PMC, PPC, SII 
and posterior insula are represented in the component image of 
PC2TBM, representing possible sub-networks engaged in higher 
order sensorimotor information processing and spatial awareness 
(see below). In the PPC locally functional processed information, 
e.g., space and action perception, is transmitted via feedback 
loops to ventral PMC (34, 49, 50). The areas co-varying posi-
tively with the thalamus represent a complex neuronal network 
consisting of functional and dysfunctional nodes. The functional 
nodes outside of the lesions comprise the dorsolateral prefrontal 
loop for motor execution (26), whereas the dysfunctional nodes 
include various higher order sensorimotor cortices within the 
lesions. Performance of sensorimotor hand skill, especially in the 
impaired recovery group, is related to lesion size and extension 
into network nodes in ventral PMC, PPC, SII, and posterior 
insula.
A remarkable feature of the structural covariance pattern is 
the appearance of the parietal operculum subarea OP1 in the 
absence of OP4. OP4 plays a role mainly in basal sensorimotor 
integration processes, e.g., incorporating sensory feedback into 
motor actions which are the basis for information processing 
during tactile exploration (51, 52). The involved OP1 seems to 
support more complex information processing demanded during 
tactile working memory, stimulus discrimination, and perceptual 
learning (53–56). These differing functional roles are reflected by 
the distinct connectivity profiles of the areas: OP4 is connected 
to fronto-parietal areas, while OP1 is connected predominantly 
to the inferior parietal cortex (IPC) (57). In a three-region model 
in humans, the rostral IPC, including PFcm, PFop, PFt, has been 
shown to be involved in reaching and grasping (58). The very 
rostral part (PFop) seems to be activated specifically during 
observation of tool use. Moreover, meta-analyses indicated the 
participation of PFt in action observation and imitation networks 
(59–61). In humans somatosensory activation of the posterior 
insula has been observed during simple stimulation paradigms, 
e.g., estimation of the roughness of gratings and TOR, suggesting 
a role in somatosensory processing (62–65). Multisensory pro-
cessing in the posterior insula has also been observed in primate 
experiments with responses also to auditory, baroreceptive and 
painful stimuli (66, 67).
As has been shown in primates, while area 2 is activated by 
fine grained proprioceptive sensory information obtained by 
transitive finger movements (68), specific neuron populations 
within anterior IPS (AIP) are activated by grasping and manipu-
lation of 3-D objects as well as by visual fixation of objects (69). 
Analogously, in humans area 2 is involved in the perception 
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of geometrical and texture characteristics like edge length and 
roughness. This function contrasts to the putative human homo-
logue of the IPS, which responds to shape perception, including 
somatosensory discrimination, visuo-tactile matching, and, 
together with premotor cortices, skilled motor manipulation of 
3-D objects (50, 70–73). The human IPS has been characterized 
using cytoarchitectonical techniques (74, 75). Functional con-
nectivity analyses have shown these sub-areas along the IPS to be 
distinguished by distinct connections (76). The AIP ROIs (hIP1 
and hIP2) connect mainly to frontal attentional regions, whereas 
posterior IPS (hIP3) connects mainly to posterior occipital 
regions. Analog connections have been shown in macaque 
anatomical studies, e.g., the strong connections between the AIP 
and ventral PMC and the posterior IPS (CIP) to visual cortices 
(77). This explains also visuomotor coordination via the AIP 
and the implication of the posterior IPS in peripersonal visual 
representations (78–80). Karnath et al. found that in patients free 
of lesions in visual as well as subcortical structures, the critical 
site for spatial awareness was located in the superior temporal 
gyrus (BA 22 and 42) (81). Using fMRI it could be shown that the 
right middle occipital gyrus processes spatial rather than non-
spatial auditory and tactile stimuli (82). In a review, Rizzolatti 
et al. conclude that the ventral PMC executes both motor and 
cognitive functions: motor functions comprise hand actions 
related to intrinsic object properties and head and arm actions 
related to spatial locations, whereas cognitive functions include 
space perception, action understanding and imitation (83). 
In the context of our study the observation of Ehrsson et al. is 
of importance as they found that precision grip showed more 
extending activations compared to power grip, involving ventral 
PMC in both hemispheres (35).
Of the salient regions of the second principal component 
PC2TBM, a single cortical cluster contains voxels belonging to the 
ninety-ninth percentile, which presumably characterizes fast 
and slow recovered individuals. It includes a sub-network within 
pre- and post-central gyrus, ventral to the center of gravity of 
the lesion in the slowly recovering subjects as described in our 
previous paper (21). The isolated involvement of 4p, but not of 
4a, substantiates the double representation of the motor system 
in the precentral gyrus, the former activated in simple motor 
tasks, whereas the latter responds to more complex and self-
initiated tasks (84). In activation studies of healthy individuals, 
voluntary and passive finger motion stimulated areas 4p and 3a, 
simple sensory stimulation areas 3b, 1 and 2 and complex sensory 
stimulation area 4a (85).
limitations
This study comprises a detailed evaluation and discussion of 
structural covariance networks associated with hand motor skill. 
At the outset, the number and composition of recovery subgroups 
in the patient cohort was unknown. Thus, the number of patients 
in each subgroup is relatively small. Larger cohorts would be 
desirable to assign subjects reliably to subgroups characterized 
by distinct patterns of structural reorganization associated with 
varying degrees of recovery. Besides subgroup specific patterns, 
especially in the subgroup with slow but complete recovery, 
the assessment of idiosyncratic aspects, e.g., exceptions to the 
involvement of the dorsolateral prefrontal-striato-thalamic loop, 
is another challenge. Meeting it would necessitate detailed pro-
tocols, including a comprehensive neuro-rehabilitation program, 
reporting of targeting interventions and physiological measures 
of movement efforts versus efficiency of motor activity. As the 
existence of the subgroup with fast complete recovery indicates, 
an earlier begins after stroke of the study might help to assess 
structural plasticity in the first 3  months when most recovery 
occurs. The incomplete gender matching must also been taken 
into consideration, because women have been shown to perform 
dexterity tasks (nine-hole peg test) faster than men depending 
on age, and upper limb kinesthetic asymmetries in contralateral 
reproduction of elbow movements, elicited by tendon vibration, 
were prevalent in males (86, 87).
conclusion
As posited in Section “Introduction”, our study confirms that the 
md thalamus, distinguished by significant gray matter increase 
after first-ever stroke, is a constituent of an extensive structural 
covariance network encompassing (i) a cortico-striato-thalamic 
loop involved in motor execution and (ii) higher order sensori-
motor cortices affected to varying degrees in the study cohort. 
Positive expression coefficients of the network are associated 
with significant GMV increases in the md thalamus in contrast to 
negative expression coefficients. This brain structural covariance 
pattern reflects a specific structural covariance network related to 
recovery of motor hand skill and may distinguish among patient 
subgroups according to recovery class. The surrogate marker 
for motor hand skill, PSO, depends on an interaction between 
the expression of the network and lesion volume. Related to this 
condition, the impaired group exhibiting the largest interaction 
expressed most strong PC1PSO and inversely were limited in the 
expression of the structural covariance network of PC2TBM. To 
conclude, our application of tensor-based morphology has shown 
it to be a powerful method for studying gray matter changes 
after stroke; it is capable of revealing both local changes and in 
associated extensive neural networks. Regarding its future use 
application, TBM will be potentially of interest in the study of 
targeted treatment effects in the long-term.
acknowledgments
We are indebted to our patients and their caregivers for gener-
ously supporting our study. We thank our neuroradiological 
technicians for help with image acquisition and data manage-
ment. This work was funded by a Swiss National Foundation 
grant (SNF 3200B0-118018).
supplementary Material
The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fneur.2015.00211
October 2015 | Volume 6 | Article 21112
Abela et al. Structural covariance networks and stroke recovery
Frontiers in Neurology | www.frontiersin.org
references
1. Kwakkel G, Kollen BJ, van der Grond J, Prevo AJH. Probability of regaining 
dexterity in the flaccid upper limb: impact of severity of paresis and time 
since onset in acute stroke. Stroke (2003) 34(9):2181–6. doi:10.1161/01.
STR.0000087172.16305.CD
2. Kwakkel G, Kollen B, Lindeman E. Understanding the pattern of functional 
recovery after stroke: facts and theories. Restor Neurol Neurosci (2004) 
22(3–5):281–99. doi:10.1177/1545968308317972
3. Cramer SC. Repairing the human brain after stroke: I. Mechanisms of spon-
taneous recovery. Ann Neurol (2008) 63(3):272–87. doi:10.1002/ana.21393 
4. Krakauer JW. Arm function after stroke: from physiology to recovery. Semin 
Neurol (2005) 25:384–95. doi:10.1055/s-2005-923533 
5. Rehme AK, Eickhoff SB, Rottschy C, Fink GR, Grefkes C. Activation likeli-
hood estimation meta-analysis of motor-related neural activity after stroke. 
Neuroimage (2012) 59:2771–82. doi:10.1016/j.neuroimage.2011.10.023 
6. Ward NS, Brown MM, Thompson AJ, Frackowiak RSJ. Neural correlates 
of outcome after stroke: a cross-sectional fMRI study. Brain (2003) 126(Pt 
6):1430–48. doi:10.1093/brain/awg145 
7. Schaechter JD, Perdue KL. Enhanced cortical activation in the contralesional 
hemisphere of chronic stroke patients in response to motor skill challenge. 
Cereb Cortex (2008) 18:638–47. doi:10.1093/cercor/bhm096 
8. Thiel A, Vahdat S. Structural and resting-state brain connectivity of 
motor networks after stroke. Stroke (2014) 46(1):296–301. doi:10.1161/
STROKEAHA.114.006307 
9. Grefkes C, Fink GR. Connectivity-based approaches in stroke and 
recovery of function. Lancet Neurol (2014) 13(2):206–16. doi:10.1016/
S1474-4422(13)70264-3 
10. Silasi G, Murphy THH. Stroke and the connectome: how connectivity guides 
therapeutic intervention. Neuron (2014) 83(6):1354–68. doi:10.1016/j.
neuron.2014.08.052 
11. Dijkhuizen RM, Zaharchuk G, Otte WM. Assessment and modulation of rest-
ing-state neural networks after stroke. Curr Opin Neurol (2014) 27(6):637–43. 
doi:10.1097/WCO.0000000000000150 
12. Ward NS, Brown MM, Thompson AJ, Frackowiak RSJ. Neural correlates of 
motor recovery after stroke: a longitudinal fMRI study. Brain (2003) 126(Pt 
11):2476–96. doi:10.1093/brain/awg145 
13. Kitago T, Liang J, Huang VS, Hayes S, Simon P, Tenteromano L, et  al. 
Improvement after constraint-induced movement therapy: recovery of nor-
mal motor control or task-specific compensation? Neurorehabil Neural Repair 
(2012) 27(2):99–109. doi:10.1177/1545968312452631 
14. Raghavan P, Petra E, Krakauer JW, Gordon AM. Patterns of impairment in 
digit independence after subcortical stroke. J Neurophysiol (2006) 95:369–78. 
doi:10.1152/jn.00873.2005 
15. Mochizuki G, Hoque T, Mraz R, Macintosh BJ, Graham SJ, Black SE, et al. 
Challenging the brain: exploring the link between effort and cortical activa-
tion. Brain Res (2009) 1301:9–19. doi:10.1016/j.brainres.2009.09.005
16. Grefkes C, Fink GR. Reorganization of cerebral networks after stroke: new 
insights from neuroimaging with connectivity approaches. Brain (2011) 
134(Pt 5):1264–76. doi:10.1093/brain/awr033 
17. Takeuchi N, Izumi S-I. Maladaptive plasticity for motor recovery after 
stroke: mechanisms and approaches. Neural Plast (2012) 2012:359728. 
doi:10.1155/2012/359728
18. Leow AD, Klunder AD, Jack CR, Toga AW, Dale AM, Bernstein MA, 
et  al. Longitudinal stability of MRI for mapping brain change using ten-
sor-based morphometry. Neuroimage (2006) 31(2):627–40. doi:10.1016/j.
neuroimage.2005.12.013 
19. Ashburner J, Csernansk JG, Davatzikos C, Fox NC, Frisoni GB, Thompson 
PM. Computer-assisted imaging to assess brain structure in healthy 
and diseased brains. Lancet Neurol (2003) 2(2):79–88. doi:10.1016/
S1474-4422(03)00304-1 
20. Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and white: neu-
roimaging changes in brain structure during learning. Nat Neurosci (2012) 
15(4):528–36. doi:10.1038/nn.3045 
21. Abela E, Missimer J, Wiest R, Federspiel A, Hess C, Sturzenegger M, et  al. 
Lesions to primary sensory and posterior parietal cortices impair recovery 
from hand paresis after stroke. PLoS One (2012) 7(2):e31275. doi:10.1371/
journal.pone.0031275 
22. Abela E, Seiler A, Missimer JH, Federspiel A, Hess CW, Sturzenegger M, 
et al. Grey matter volumetric changes related to recovery from hand paresis 
after cortical sensorimotor stroke. Brain Struct Funct (2014). doi:10.1007/
s00429-014-0804-y
23. Uludağ K, Roebroeck A. General overview on the merits of multimodal 
neuroimaging data fusion. Neuroimage (2014) 102:3–10. doi:10.1016/j.
neuroimage.2014.05.018 
24. Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis of serial mea-
surements in medical research. BMJ (1990) 300(6719):230–5. doi:10.1136/
bmj.300.6725.680-a 
25. Seitz RJ, Knorr U, Azari NP, Weder B. Cerebral networks in sensorim-
otor disturbances. Brain Res Bull (2001) 54(3):299–305. doi:10.1016/
S0361-9230(00)00438-X 
26. Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally 
segregated circuits linking basal ganglia and cortex. Annu Rev Neurosci (1986) 
9:357–81. doi:10.1146/annurev.ne.09.030186.002041 
27. Wiest R, Abela E, Missimer J, Schroth G, Hess CW, Sturzenegger M, et  al. 
Interhemispheric cerebral blood flow balance during recovery of motor hand 
function after ischemic stroke-A longitudinal MRI study using arterial spin 
labeling perfusion. PLoS One (2014) 9(9):e106327. doi:10.1371/journal.
pone.0106327 
28. Brott T, Adams HP, Olinger CP, Marler JR, Barsan WG, Biller J, et  al. 
Measurements of acute cerebral infarction: a clinical examination scale. Stroke 
(1989) 20(7):864–70. doi:10.1161/01.STR.20.7.871 
29. Mathiowetz V, Weber K, Volland G, Kashman N. Reliability and validity 
of grip and pinch strength evaluations. J Hand Surg Am (1984) 9(2):222–6. 
doi:10.1016/S0363-5023(84)80146-X 
30. Mathiowetz V, Kashman N, Volland G, Weber K, Dowe M, Rogers S. Grip 
and pinch strength: normative data for adults. Arch Phys Med Rehabil (1985) 
66:69–74. 
31. Jebsen RH, Taylor N, Trieschmann RB, Trotter MJ, Howard LA. An objec-
tive and standardized test of hand function. Arch Phys Med Rehabil (1969) 
50:311–9. 
32. Castiello U. The neuroscience of grasping. Nat Rev Neurosci (2005) 6(9):726–
36. doi:10.1038/nrn1775 
33. Davare M, Andres M, Cosnard G, Thonnard J-L, Olivier E. Dissociating the 
role of ventral and dorsal premotor cortex in precision grasping. J Neurosci 
(2006) 26(8):2260–8. doi:10.1523/JNEUROSCI.3386-05.2006 
34. Stoeckel MC, Weder B, Binkofski F, Choi H-J, Amunts K, 
Pieperhoff P, et  al. Left and right superior parietal lobule in tac-
tile object discrimination. Eur J Neurosci (2004) 19(4):1067–72. 
doi:10.1111/j.0953-816X.2004.03185.x 
35. Ehrsson HH, Fagergren E, Forssberg H. Differential fronto-parietal activation 
depending on force used in a precision grip task: an fMRI study. J Neurophysiol 
(2001) 85(6):2613–2623. 
36. Bohlhalter S, Fretz C, Weder B. Hierarchical versus parallel processing in 
tactile object recognition: a behavioural-neuroanatomical study of aperceptive 
tactile agnosia. Brain (2002) 125(Pt 11):2537–48. doi:10.1093/brain/awf245 
37. Deichmann R, Schwarzbauer C, Turner R. Optimisation of the 3D 
MDEFT sequence for anatomical brain imaging: technical implica-
tions at 1.5 and 3 T. Neuroimage (2004) 21(2):757–67. doi:10.1016/j.
neuroimage.2003.09.062 
38. Mechelli A, Friston KJ, Frackowiak RS, Price CJ. Structural covariance 
in the human cortex. J Neurosci (2005) 25(36):8303–10. doi:10.1523/
JNEUROSCI.0357-05.2005 
39. Alexander-Bloch A, Giedd JN, Bullmore E. Imaging structural co-variance 
between human brain regions. Nat Rev Neurosci (2013) 14(5):322–36. 
doi:10.1038/nrn3465 
40. Guttman L. Some necessary conditions for common-factor analysis. 
Psychometrika (1954) 19(2):149–61. doi:10.1007/BF02289162 
41. Ashburner J, Friston KJ. Unified segmentation. Neuroimage (2005) 26(3):839–
51. doi:10.1016/j.neuroimage.2005.02.018 
42. Andersen SM, Rapcsak SZ, Beeson PM. Cost function masking during nor-
malization of brains with focal lesions: still a necessity? Neuroimage (2010) 
53(1):78–84. doi:10.1016/j.neuroimage.2010.06.003 
43. Salmond CH, Ashburner J, Vargha-Khadem F, Connelly A, Gadian DG, 
Friston KJ. Distributional assumptions in voxel-based morphometry. 
Neuroimage (2002) 17(2):1027–30. doi:10.1006/nimg.2002.1153 
October 2015 | Volume 6 | Article 21113
Abela et al. Structural covariance networks and stroke recovery
Frontiers in Neurology | www.frontiersin.org
44. Alexander GE, Bergfield KL, Chen K, Reiman EM, Hanson KD, Lin L, et al. 
Gray matter network associated with risk for Alzheimer’s disease in young 
to middle-aged adults. Neurobiol Aging (2012) 33(12):2723–32. doi:10.1016/j.
neurobiolaging.2012.01.014 
45. Moeller JR, Ishikawa T, Dhawan V, Spetsieris P, Mandel F, Alexander GE, et al. 
The metabolic topography of normal aging. J Cereb Blood Flow Metab (1996) 
16(3):385–98. doi:10.1097/00004647-199605000-00005 
46. Komaba Y, Mishina M, Utsumi K, Katayama Y, Kobayashi S, Mori O. Crossed 
cerebellar diaschisis in patients with cortical infarction: logistic regression 
analysis to control for confounding effects. Stroke (2004) 35(2):472–6. 
doi:10.1161/01.STR.0000109771.56160.F5 
47. McFarland NR, Haber SN. Thalamic relay nuclei of the basal ganglia form both 
reciprocal and nonreciprocal cortical connections, linking multiple frontal 
cortical areas. J Neurosci (2002) 22(18):8117–32. doi:10.22/18/8117[pii]
48. Behrens TEJ, Johansen-Berg H, Woolrich MW, Smith SM, Wheeler-Kingshott 
CAM, Boulby PA, et al. Non-invasive mapping of connections between human 
thalamus and cortex using diffusion imaging. Nat Neurosci (2003) 6(7):750–7. 
doi:10.1038/nn1075 
49. Vandenberghe R, Gillebert CR. Dissociations between spatial-attentional 
processes within parietal cortex: insights from hybrid spatial cueing and 
change detection paradigms. Front Hum Neurosci (2013) 7:366. doi:10.3389/
fnhum.2013.00366 
50. Stoeckel MC, Weder B, Binkofski F, Buccino G, Shah NJ, Seitz RJ. A fron-
to-parietal circuit for tactile object discrimination. Neuroimage (2003) 
19(3):1103–14. doi:10.1016/S1053-8119(03)00182-4 
51. Rizzolatti G, Wolpert DM. Motor systems. Curr Opin Neurobiol (2005) 
15(6):623–5. doi:10.1016/j.conb.2005.10.018 
52. Halsband U, Lange RK. Motor learning in man: a review of functional 
and clinical studies. J Physiol Paris (2006) 99(4–6):414–24. doi:10.1016/j.
jphysparis.2006.03.007 
53. Romo R, Hernández A, Salinas E, Brody CD, Zainos A, Lemus L, et al. From 
sensation to action. Behav Brain Res (2002) 135(1–2):105–18. doi:10.1016/
S0166-4328(02)00161-4 
54. Torquati K, Pizzella V, Della Penna S, Franciotti R, Babiloni C, 
Rossini PM, et  al. Comparison between SI and SII responses as a 
function of stimulus intensity. Neuroreport (2002) 13(6):813–9. 
doi:10.1097/00001756-200205070-00016 
55. Pleger B, Foerster AF, Ragert P, Dinse HR, Schwenkreis P, Malin JP, et  al. 
Functional imaging of perceptual learning in human primary and sec-
ondary somatosensory cortex. Neuron (2003) 40(3):643–53. doi:10.1016/
S0896-6273(03)00677-9 
56. Burton H, Sinclair RJ, McLaren DG. Cortical network for vibrotactile 
attention: a fMRI study. Hum Brain Mapp (2008) 29(2):207–21. doi:10.1002/
hbm.20384 
57. Eickhoff SB, Jbabdi S, Caspers S, Laird AR, Fox PT, Zilles K, et al. Anatomical 
and functional connectivity of cytoarchitectonic areas within the human 
parietal operculum. J Neurosci (2010) 30(18):6409–21. doi:10.1523/
JNEUROSCI.5664-09.2010 
58. Peeters R, Simone L, Nelissen K, Fabbri-Destro M, Vanduffel W, Rizzolatti G, 
et al. The representation of tool use in humans and monkeys: common and 
uniquely human features. J Neurosci (2009) 29(37):11523–39. doi:10.1523/
JNEUROSCI.2040-09.2009 
59. Molenberghs P, Cunnington R, Mattingley JB. Is the mirror neuron system 
involved in imitation? A short review and meta-analysis. Neurosci Biobehav 
Rev (2009) 33(7):975–80. doi:10.1016/j.neubiorev.2009.03.010 
60. Van Overwalle F, Baetens K. Understanding others’ actions and goals by mirror 
and mentalizing systems: a meta-analysis. Neuroimage (2009) 48(3):564–84. 
doi:10.1016/j.neuroimage.2009.06.009 
61. Caspers S, Eickhoff SB, Geyer S, Scheperjans F, Mohlberg H, Zilles K, et al. The 
human inferior parietal lobule in stereotaxic space. Brain Struct Funct (2008) 
212(6):481–95. doi:10.1007/s00429-008-0195-z 
62. Gelnar PA, Krauss BR, Szeverenyi NM, Apkarian AV. Fingertip representation 
in the human somatosensory cortex: an fMRI study. Neuroimage (1998) 7(4 Pt 
1):261–83. doi:10.1006/nimg.1998.0341 
63. Deuchert M, Ruben J, Schwiemann J, Meyer R, Thees S, Krause 
T, et  al. Event-related fMRI of the somatosensory system using 
electrical finger stimulation. Neuroreport (2002) 13(3):365–9. 
doi:10.1097/00001756-200203040-00023 
64. Reed CL, Shoham S, Halgren E. Neural substrates of tactile object recog-
nition: an fMRI study. Hum Brain Mapp (2004) 21(4):236–46. doi:10.1002/
hbm.10162 
65. Kitada R, Hashimoto T, Kochiyama T, Kito T, Okada T, Matsumura M, et al. 
Tactile estimation of the roughness of gratings yields a graded response in the 
human brain: an fMRI study. Neuroimage (2005) 25(1):90–100. doi:10.1016/j.
neuroimage.2004.11.026 
66. Zhang ZH, Dougherty PM, Oppenheimer SM. Monkey insular cortex neurons 
respond to baroreceptive and somatosensory convergent inputs. Neuroscience 
(1999) 94(2):351–60. doi:10.1016/S0306-4522(99)00339-5 
67. Coq J-O, Qi H, Collins CE, Kaas JH. Anatomical and functional organization 
of somatosensory areas of the lateral fissure of the New World titi monkey 
(Callicebus moloch). J Comp Neurol (2004) 476(4):363–87. doi:10.1002/
cne.20237 
68. Jones EG, Coulter JD, Hendry SH. Intracortical connectivity of architectonic 
fields in the somatic sensory, motor and parietal cortex of monkeys. J Comp 
Neurol (1978) 181(2):291–347. doi:10.1002/cne.901810206 
69. Hikosaka O, Tanaka M, Sakamoto M, Iwamura Y. Deficits in manipulative 
behaviors induced by local injections of muscimol in the first somatosen-
sory cortex of the conscious monkey. Brain Res (1985) 325(1–2):375–80. 
doi:10.1016/0006-8993(85)90344-0 
70. Hartmann S, Missimer JH, Stoeckel C, Abela E, Shah J, Seitz RJ, et al. Functional 
connectivity in tactile object discrimination: a principal component analysis 
of an event related fMRI-study. PLoS One (2008) 3(12):e3831. doi:10.1371/
journal.pone.0003831 
71. Hömke L, Amunts K, Bönig L, Fretz C, Binkofski F, Zilles K, et al. Analysis 
of lesions in patients with unilateral tactile agnosia using cytoarchitectonic 
probabilistic maps. Hum Brain Mapp (2009) 30(5):1444–56. doi:10.1002/
hbm.20617 
72. Grefkes C, Weiss PH, Zilles K, Fink GR. Crossmodal processing of object 
features in human anterior intraparietal cortex: an fMRI study implies 
equivalencies between humans and monkeys. Neuron (2002) 35(1):173–84. 
doi:10.1016/S0896-6273(02)00741-9 
73. Binkofski F, Buccino G, Posse S, Seitz RJ, Rizzolatti G, Freund 
H. A fronto-parietal circuit for object manipulation in man: evi-
dence from an fMRI-study. Eur J Neurosci (1999) 11(9):3276–86. 
doi:10.1046/j.1460-9568.1999.00753.x 
74. Choi H-J, Zilles K, Mohlberg H, Schleicher A, Fink GR, Armstrong E, et al. 
Cytoarchitectonic identification and probabilistic mapping of two distinct 
areas within the anterior ventral bank of the human intraparietal sulcus. J 
Comp Neurol (2006) 495(1):53–69. doi:10.1002/cne.20849 
75. Scheperjans F, Eickhoff SB, Hömke L, Mohlberg H, Hermann K, Amunts K, 
et al. Probabilistic maps, morphometry, and variability of cytoarchitectonic 
areas in the human superior parietal cortex. Cereb Cortex (2008) 18(9):2141–
57. doi:10.1093/cercor/bhm241 
76. Uddin LQ, Supekar K, Amin H, Rykhlevskaia E, Nguyen DA, Greicius MD, 
et al. Dissociable connectivity within human angular gyrus and intraparietal 
sulcus: evidence from functional and structural connectivity. Cereb Cortex 
(2010) 20(11):2636–46. doi:10.1093/cercor/bhq011 
77. Grefkes C, Fink GR. The functional organization of the intrapa-
rietal sulcus in humans and monkeys. J Anat (2005) 207(1):3–17. 
doi:10.1111/j.1469-7580.2005.00426.x 
78. Frey SH, Vinton D, Norlund R, Grafton ST. Cortical topography of 
human anterior intraparietal cortex active during visually guided grasp-
ing. Brain Res Cogn Brain Res (2005) 23(2–3):397–405. doi:10.1016/j.
cogbrainres.2004.11.010 
79. Culham JC, Cavina-Pratesi C, Singhal A. The role of parietal 
cortex in visuomotor control: what have we learned from neuro-
imaging? Neuropsychologia (2006) 44(13):2668–84. doi:10.1016/j.
neuropsychologia.2005.11.003 
80. Makin TR, Holmes NP, Zohary E. Is that near my hand? Multisensory rep-
resentation of peripersonal space in human intraparietal sulcus. J Neurosci 
(2007) 27(4):731–40. doi:10.1523/JNEUROSCI.3653-06.2007 
81. Karnath H-O, Ferber S, Himmelbach M. Spatial awareness is a function of 
the temporal not the posterior parietal lobe. Nature (2001) 411(6840):950–3. 
doi:10.1038/35082075 
82. Renier LA, Anurova I, De Volder AG, Carlson S, VanMeter J, Rauschecker 
JP. Preserved functional specialization for spatial processing in the middle 
October 2015 | Volume 6 | Article 21114
Abela et al. Structural covariance networks and stroke recovery
Frontiers in Neurology | www.frontiersin.org
occipital gyrus of the early blind. Neuron (2010) 68(1):138–48. doi:10.1016/j.
neuron.2010.09.021 
83. Rizzolatti G, Rizzolatti G, Fogassi L, Fogassi L, Gallese V, Gallese V. Motor 
and cognitive functions of the ventral premotor cortex. Curr Opin Neurobiol 
(2002) 12(2):149–54. doi:10.1016/S0959-4388(02)00308-2 
84. Geyer S, Ledberg A, Schleicher A, Kinomura S, Schormann T, Bürgel U, et al. 
Two different areas within the primary motor cortex of man. Nature (1996) 
382:805–7. doi:10.1038/382805a0 
85. Terumitsu M, Ikeda K, Kwee IL, Nakada T. Participation of 
primary motor cortex area 4a in complex sensory processing: 
3.0-T fMRI study. Neuroreport (2009) 20(7):679–83. doi:10.1097/
WNR.0b013e32832a1820 
86. Wang Y-C, Bohannon RW, Kapellusch J, Garg A, Gershon RC. Dexterity as 
measured with the 9-Hole Peg Test (9-HPT) across the age span. J Hand Ther 
(2015) 28(1):53–9. doi:10.1016/j.jht.2014.09.002 
87. Cohen NR, Pomplun M, Gold BJ, Sekuler R. Sex differences in the acqui-
sition of complex skilled movements. Exp Brain Res (2010) 205(2):183–93. 
doi:10.1007/s00221-010-2351-y 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2015 Abela, Missimer, Federspiel, Seiler, Hess, Sturzenegger, Wiest and 
Weder. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.
